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Ashlee L. Dere1* , Andrew W. Miller2, Amy M. Hemje2, Sara K. Parcher1,
Courtney A. Capalli3 and E. Arthur Bettis III3
1 Department of Geography/Geology, University of Nebraska Omaha, Omaha, NE, United States, 2 Department of Chemistry,
University of Nebraska Omaha, Omaha, NE, United States, 3 Department of Earth and Environmental Sciences, University
of Iowa, Iowa City, IA, United States
Agricultural activities in the Midwestern United States have potentially altered
geochemical fluxes within the critical zone (CZ) compared to native prairie systems
that previously dominated the region. To quantify the impact of agricultural land use on
soil and stream solute behavior, we are studying two watersheds in the region: Glacier
Creek Preserve (GCP) in eastern Nebraska and the Intensively Managed Landscapes
Critical Zone Observatory (IML-CZO) in eastern Iowa. Both watersheds were initially
under agricultural land use for over 100 years, but part of each watershed was restored
to prairie 20 – 50 years ago. Soils at both sites formed in thick Peoria loess (≥6 m)
overlying glacial till with similar mean annual temperatures (∼10◦C) but slightly higher
mean annual precipitation in Iowa (89 cm) compared to Nebraska (78 cm). At both sites,
soil pore water and precipitation were collected every 2–4 weeks to measure anions,
cations, and alkalinity; stream waters draining either restored prairie or agriculture were
sampled similarly in Nebraska. Both soil moisture content and electrical conductivity
were consistently higher in the upper one meter of agricultural soils compared to prairie
soils in Nebraska, implying slower drainage and higher solute concentrations in the
agricultural soils. At both sites, soil pore water Ca2+ and Mg2+ concentrations and
annual fluxes were significantly higher in agricultural soils compared to restored prairie.
Conversely, streams draining restored prairie have significantly higher Ca2+ and Mg2+
concentrations than the agricultural streams. Fluxes from agricultural streams, however,
were higher than the prairie, pointing to a potential dilution effect of runoff from the
agricultural land use. These observations lead to a conceptual model where deeply
infiltrating water in restored prairie soils interacts with minerals present deeper in the
soil before reaching the stream whereas in agricultural soils water does not infiltrate
as deeply and thus experiences more shallow flowpaths to the stream. Furthermore,
changes in geochemical and hydrologic fluxes have been realized in just a few decades
since switching land use from agriculture to prairie. Thus, intensive agricultural land use
may alter soil function and solute transport to streams compared to critical zones hosting
tallgrass prairie vegetation.
Keywords: agriculture, soil pore water, loess, water quality, discharge, stream
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INTRODUCTION
The Midwestern United States hosts an impressively thick critical
zone (CZ), the layer of the Earth that encompasses groundwater
to vegetation (Brantley et al., 2007), with loess deposits exceeding
40 m deep in some areas (Bettis et al., 2003). Historically, the
region hosted extensive prairie vegetation, but the landscape has
been largely converted to agricultural land use since the 1800s
(Sampson and Knopf, 1994; Wright and Wimberly, 2013). Soils in
this region sustain intensive agriculture, store large quantities of
carbon, and filter water as it recharges groundwater and streams
(Banwart, 2011), but how intensive agriculture influences CZ
processes, including water and nutrient fluxes, and how long
intensive land use can be maintained while sustaining high
productivity, is unclear (Foley et al., 2005). Land disturbance
from agriculture is widespread throughout the Midwestern
United States and can have far reaching impacts on stream
chemistry. Streams serve as integrators of CZ processes and, in
the Midwest, ultimately deliver dissolved and particulate material
to the Gulf of Mexico, impacting both the nutrient status and
biology of waterways (Rabalais et al., 2010). Furthermore, there
is evidence that intensive agriculture has altered the flow (Zhang
and Schilling, 2006) and alkalinity (Raymond et al., 2008) of the
Mississippi River, the largest river in North America. Despite the
agronomic and environmental importance of the Midwestern CZ
(Richardson and Kumar, 2017), we still know little about how
activities at the surface influence CZ processes such as soil water
fluxes and chemistry that are linked to streams.
Previous studies measuring soil and stream solute chemistry
have largely focused on managed systems, such as row crop
agriculture and pasture, and few studies have aimed to
connect soil solute chemistry to stream chemistry in intensively
managed systems. For example, previous studies investigating
soil solutions under agricultural and grassland cover have
primarily focused only on nitrate leaching (e.g., Masarik et al.,
2014) and have been predominantly studied in sandy soils rather
than finer textured soils (Singh et al., 2018). Furthermore, few
studies involving in situ soil solution extractions concurrently use
sensors to quantify soil moisture to investigate both soil solution
chemistry and hydrology (Singh et al., 2018). Studies focused
on stream fluxes from agricultural or restored prairie watersheds
have also focused predominantly on nitrate and anion fluxes (e.g.,
Schilling, 2002; Aubert et al., 2013). Tallgrass prairie soils in the
Midwest region have been most notably studied at the Konza
Prairie Long Term Ecological Research (LTER) site in northeast
Kansas, where soil water and gas fluxes through limestone and
shale parent material have been linked to shallow groundwater
chemistry (e.g., Tsypin and Macpherson, 2012; Vero et al., 2018).
Previous work explicitly linking soil solute and stream water
chemistry has largely focused on undisturbed forested systems
(e.g., Jin et al., 2011; Hinckley et al., 2014) rather than row crop
agriculture and prairie CZs.
To examine human influence on landscape connectivity and
fluxes of water, sediment and nutrients in agroecosystems,
the Intensively Managed Landscapes Critical Zone Observatory
(IML CZO) was established (Kumar et al., 2018; Wilson
et al., 2018). The CZO includes sites in Iowa, Illinois, and
Minnesota, representing a region characterized by thick surficial
deposits from multiple glaciations (Anders et al., 2018) that
has transitioned from transforming to transporting energy and
matter under current human management practices (Kumar
et al., 2018). Previous research at the IML CZO in the Clear
Creek Watershed in Iowa has focused on hillslope (Papanicolaou
et al., 2015a,b, 2018) and stream bank (Neal and Anders, 2015;
Papanicolaou et al., 2017) erosion that delivers sediments and
associated nutrients directly to streams. Meanwhile, groundwater
monitoring has highlighted that baseflow discharge to the
connected stream accounts for the majority of nitrate loads
exported by the stream, 95% of which is derived from row
crop areas (Schilling et al., 2018). However, soils represent an
intermediate step in transmitting such nutrients to groundwater
or streams, yet direct measurements of soil and stream solute
chemistry are still needed (Singh et al., 2018; Wilson et al., 2018).
Here we present data on precipitation, soil pore water, and
stream water chemistry, along with soil moisture and electrical
conductivity (EC), under both corn-soybean row crop agriculture
and restored prairie vegetation in loess parent material at sites
in eastern Nebraska and eastern Iowa. The two study sites have
similar topography, duration of soil formation, mean annual
temperatures (∼10◦C), and a slight precipitation gradient (78
and 89 cm mean annual precipitation in Nebraska and Iowa,
respectively). Both sites were used for agriculture for at least
100 years before portions of the sites were restored to prairie
20–50 years ago, thereby marking a substantial change in the
aboveground vegetation and management. Given the similar
environmental conditions between the two sites, we hypothesized
that land use would be the main factor influencing soil hydrology
and geochemistry, which in turn would impact stream chemistry.
Solute measurements in this study focused on cations (Na+, K+,
Mg2+, and Ca2+) and anions (Cl−, NO2−, NO3−, SO42−, and
PO43−) in precipitation, soil pore water, and stream water as
well as some metals (Al3+, Fe2+, Fe3+, and Mn2+) in stream
water. Using these geochemically relevant ion concentrations
from the different water sample types, combined with soil
and stream hydrologic characterization (soil moisture, soil EC,
and stream discharge), we present an initial conceptual model
demonstrating impacts of intensive agriculture and prairie land
use on soil hydrology, geochemistry, and ultimately stream
chemistry. Although the mechanisms driving these changes are
yet unclear, the land use impacts on soil processes appear to alter
the elemental fluxes from each land use despite less than 50 years
since land use changed.
MATERIALS AND METHODS
Study Sites
Glacier Creek Preserve
Glacier Creek Preserve (GCP) is located in eastern Nebraska
20 km northwest of Omaha, NE, United States (Table 1 and
Figures 1A,B). The 4 km2 preserve encompasses the entire
first order Glacier Creek watershed and includes both restored
tallgrass prairie and agricultural land use on the gently rolling
topography (slopes < 15%). The site was used entirely for
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TABLE 1 | Sampling locations in Nebraska (NE) and Iowa (IA) agriculture and
restored prairie study sites.
Site Latitude Longitude Elev.
m
NE Agriculture 41.3455 −96.1414 363
NE Prairie 41.3373 −96.1414 371
IA Agriculture 41.7390 −91.9475 264
IA Prairie 41.7403 −91.7322 248
NE Stream GC2 41.3412 −96.1405 322
GC3 41.3414 −96.1413 320
GC4 41.3416 −96.1421 323
GC5 41.3408 −96.1429 328
GC6 41.3404 −96.1448 348
agriculture from approximately 1870 until 1970, when the
southern 0.54 km2 of the preserve were reseeded to native
tallgrass prairie (Figure 1C). The prairie vegetation is managed
with a 3 year fire return interval with one third of the area
burned each year. The northern portion of the site (0.32 km2)
continues to be used for minimal till corn (Zea mays L.) and
soybean [Glycine max (L.)] agriculture; tilling practices switched
from intensive to minimal tillage around 1970. In 2017 soybeans
were grown in the study area and broadcast phosphorous and
potassium fertilizer was applied the previous fall following a
corn harvest.
Parent material at the site is dominated by Peoria loess in the
upland areas (>10 m thick) and pre-Illinoian glacial till underlies
the creek that runs through the center of the watershed. Soils
on the ridgetop topographic position, where soil sensors and soil
pore water were collected, are mapped as Contrary-Monona-Ida
Complex (Soil Survey Staff, 2018). On the agricultural side of
the watershed, soils are Contrary silt loam (Fine-silty, mixed,
superactive, mesic Dystric Eutrudepts) while prairie soils are
Monona silt loam (Fine-silty, mixed, superactive, mesic Typic
Hapludolls). Mean annual temperature is 10◦C and mean annual
precipitation is 78 cm. In 2017, average air temperature was
11.8◦C and precipitation in the watershed totaled 78 cm.
Intensively Managed Landscapes Critical Zone
Observatory
The Intensively Managed Landscapes Critical Zone Observatory
(IML CZO) is located approximately 30 km northwest of Iowa
FIGURE 1 | Glacier Creek Preserve (GCP) and the Intensively Managed Landscapes Critical Zone Observatory (IML CZO) located in the Midwestern United States
(A) approximately 400 km apart in eastern Nebraska (NE) and eastern Iowa (IA) (B). The 4 km2 watershed in Nebraska is drained by Glacier Creek which has forks
draining restored prairie on the south side of the watershed (hatched green shading) and agriculture on the north side (solid green shading) (C). The Iowa site lies in
the 270 km2 Clear Creek watershed and is drained by Clear Creek (D). This site includes an agricultural study site toward the headwaters and a restored prairie
study site on the northern edge of the watershed. In both Nebraska and Iowa, restored prairie and agricultural soils are equipped with weather stations, soil sensors,
soil pore water samplers at four depths, and precipitation collectors. Glacier Creek is equipped with a stream discharge sensor and five stream locations were
regularly sampled. Clear Creek has three discharge sensors monitored by the Iowa Flood Information System (IFIS) (from west to east: Homestead, Oxford, and
Coralville), but the stream is not routinely sampled for solute chemistry.
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City, IA (Table 1 and Figures 1A,B). The 270 km2 HUC 10
watershed is drained by Clear Creek and land use is dominated
by roughly 100 years of agricultural land use across the gently
rolling topography (slopes < 18%) (Figure 1D). The agricultural
study site is located on a farm in the northwest corner of
the watershed where minimal tillage practices replaced more
intensive chisel plow tillage in the 1990s (Papanicolaou et al.,
2015b). In 2017 corn was grown in the study area with an
application of broadcast phosphorous and potassium fertilizer
and anhydrous ammonium following harvest of the soybean crop
in 2016. Parent material at the site is Peoria loess (∼6 m thick)
overlying Sangamon age glacial till. Soils are mapped as Tama silty
clay loam (Fine-silty, mixed, superactive, mesic Typic Argiudolls)
(Soil Survey Staff, 2018).
A small restored tallgrass prairie (0.06 km2) is located
approximately 16 km to the east of the agricultural site in
F.W. Kent Park. The prairie was originally forested prior
to clearing for agriculture in the late 1800s; conventional
corn-soybean row crop agriculture ceased in 1997. The site
was left fallow until 2009 then reseeded with prairie grass mix;
prairie vegetation is currently maintained through controlled
burns every ∼5 years. Parent material at the site is thin Peoria
loess (∼ 1.6 m thick) overlying Sangamon age glacial till; soils
at the site are Fayette silt loam (Fine-silty, mixed, superactive,
mesic Typic Hapludalfs) (Soil Survey Staff, 2018). Mean annual
temperature in the Clear Creek watershed is 9◦C and mean
annual precipitation is 89 cm. In 2017, average air temperature
was 12.1◦C and 123 cm of precipitation was recorded near the
agricultural study area.
Sensor Data
Meteorological Stations and Soil Sensors
At the Nebraska study site, two meteorological stations were
installed on ridgetop topographic positions, one in the restored
prairie and one in the agricultural field. Both stations provided
hourly measurements of atmospheric and soil parameters at 10,
25, 50, and 100 cm depth (Figure 1C). The Campbell Scientific
(Logan, UT, United States) meteorological stations recorded data
on a CR1000 datalogger with the following sensors: anemometer
(R.M. Young’s 03002 Wind Sentry Set), all season pyranometer
(SP230), precipitation sensor (Texas Electronics Tipping Bucket
Rain Gages), temperature and relative humidity sensor (HC2S3),
barometer (CS106), and soil moisture, temperature and electrical
conductivity (EC) sensors (CS655).
At the IML CZO in Iowa, a meteorological station recorded
atmospheric parameters on a ridgetop topographic position at
the agricultural study site (Figure 1D). The Meter (Pullman,
WA, United States) meteorological station collected data with
EM50 dataloggers including precipitation (ECRN-100 tipping
bucket), wind speed and direction (Davis Cup anemometer),
and relative humidity and temperature (VP-3) at 1 min.
intervals. Soil parameters at 10, 20, and 60 cm depth were
measured at both the agricultural and restored prairie sites
every 15 min. Soil moisture and temperature were measured
with a 5TM Moisture/Temperature sensor at the agricultural
site and a GS3 Soil Moisture/Temperature/EC sensor at the
restored prairie site.
Stream Water Quality
General stream water quality parameters were collected in
the field at the Nebraska site using Xylem (Rye Brook, NY,
United States) ProDSS handheld sensors. The parameters
included pH/oxidation reduction potential (ORP, 626904),
temperature/conductivity (626902), turbidity (626901), and
optical dissolved oxygen (626900). Measurements were
taken approximately every 2 weeks at each of five sampling
sites (Figure 1C). Each probe was calibrated with relevant
calibration solutions on the day of sampling. Before taking a
measurement, the probes were placed in the stream for several
minutes to allow the probes to equilibrate and allow fresh
water to displace any sediment disturbed by the placement
of the probes.
Stream Discharge
A SonTek Xylem IQ in situ stream discharge sensor was placed
in Glacier Creek at the Nebraska study site downstream of
the GC2 sampling site in May 2017 (Figure 1C). The IQ
system simultaneously measured the flow velocity and the
stream channel dimensions using sound waves, which was then
converted to volumetric flow. The IQ was programmed to log
flow data every 15 min. In Iowa, several discharge sensors along
Clear Creek recorded hourly discharge at the Homestead, Oxford
and Coralville gaging stations1 (Figure 1D).
Solute Sampling
Stream Water
Stream water samples were collected approximately monthly
from all five sites in Glacier Creek in Nebraska beginning in
April through December 2017. For data analysis purposes, four of
the sampling locations were sorted based on physical proximity
to either prairie or agricultural land uses. Locations GC3 and
GC4 are physically closest to active agriculture and are located
on the north fork of Glacier Creek, which drains predominantly
agricultural land. Locations GC5 and GC6 are physically closest
to the restored prairie and are located in the south fork of Glacier
Creek, which drains the majority of the restored prairie. Site GC2
is located just below the convergence of the two forks, and was
used for mass balance calculations described below. At each site,
a grab sample was removed from the stream with a conditioned
sampling beaker. The sample was filtered through a 0.45 µm
PVDF syringe filter and then split. One split was left unacidified
for anion and alkalinity analysis, the other split was acidified to
pH < 2 with concentrated HCl. All samples were refrigerated at
4◦C prior to analysis.
Clear Creek in the Iowa IML watershed predominantly drains
agricultural land use in the headwaters and mixed urban and
agricultural land use toward the mouth of the watershed, but
does not have a stream draining predominantly restored prairie
like in Nebraska. Grab samples from the Homestead gaging
station (westernmost triangle in Figure 1D), which is located
near the agriculture study site, were collected on two dates (2015-
06-25 and 2016-12-01) and analyzed for cations and anions as
described below.
1http://ifis.iowafloodcenter.org/ifis/app/
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Soil Pore Water
Suction cup pore water samplers with a silicon carbide cup
(SIC20) (UMS brand; Munich, Germany) were installed at four
different depths in both restored prairie and agricultural land use
at the Nebraska and Iowa study sites. Samplers were installed
in spring – summer of 2016 to allow time for porous cups
to equilibrate with soil conditions (Singh et al., 2018). Pore
water samplers were inserted at an approximately 20◦ angle
away from vertical into a hand-drilled hole using a custom
gouge auger (TB-20 and TBE-100). In Nebraska, pore water
samplers were installed at 10, 25, 50, and 100 cm depth; in Iowa,
samplers were installed at 20, 60, 80, and 150 cm depth. Pore
water samplers were connected to 500 ml glass sampling bottles
(SF-500) and stored in an insulated plastic box (SF-box) buried
in the ground. Sample bottles were evacuated down to ∼0.5 bar
using a hand-operated vacuum floor pump (VPS-2) in Nebraska
and an automated portable vacuum (VacuPorter) in Iowa. The
vacuum was removed from all samplers and the site covered in
straw from December to March to avoid frost damage to the pore
water samplers.
Soil pore water was collected approximately every 2 weeks
from May through November and the sample volume, pH, and
electric conductivity were recorded in the field. Samples were
filtered through a 0.45 µm PVDF syringe filter and then split.
One split was left unpreserved for anion and alkalinity analysis,
the other split was acidified to pH < 2 with concentrated nitric
acid for cation analysis. All samples were refrigerated at 4◦C prior
to analysis. At both sites, insufficient sample volume limited some
or all chemical analyses, especially during the driest parts of the
year in late summer (Supplementary Tables 1–4).
Precipitation
Precipitation was collected every 2 weeks at the Iowa agriculture
and prairie sites and at the Nebraska prairie site. The collection
vessel included a plastic funnel covered by wire mesh connected
by zip ties to a 250 ml plastic separatory funnel. A thin layer of
mineral oil was added to prevent evaporation. A subsample was
collected and filtered through a 0.45 µm PVDF syringe filter and
then split and preserved in the same manner as the pore water
samples. On some occasions, the volume of rainwater exceeded
the capacity of the collection vessel or the addition of bird fecal
matter contaminated precipitation samples and precluded their
inclusion in the dataset (Supplementary Table 5).
Chemical Analyses
Cations and Anions
For all water samples, bulk ions (Na+, K+, Mg2+, Ca2+, Cl−,
NO2−, NO3−, SO42−, and PO43−) were determined using a
Dionex Aquion ion chromatograph using CS12A analytical and
guard columns for cation analysis, and AS23 analytical and
guard columns for anion analysis (Supplementary Tables 1–10).
Trace metal analysis (Al3+ and Mn2+) was completed on a
Varian inductively coupled plasma mass spectrometer (ICP-MS)
(Walnut Creek, CA, United States). Total dissolved iron
(Fe2+ and Fe3+) was determined through complexation with
phenanthroline on an Agilent Technologies Cary 8454 UV-Vis
spectrophotometer (Santa Clara, CA, United States). For the
instrumental methods, initial method validation was completed
using sample spikes, dilutions, and replicate samples. For each
analytical run, calibration standards and check standards were
analyzed to ensure data quality.
Alkalinity
Stream sample alkalinity determinations were completed within
24 h of sampling. Potentiometric alkalinity titrations were
completed on 50 mL aliquots of stream samples using a Hannah
Instruments (Woodsocket, RI, United States) autotitrator with
standardized HCl. When possible, titrations were completed on
pore water samples. Due to sample volume limitations, only 7 mL
of sample were used.
Data Analyses
Flux Calculations
Since stream flow rate was only directly measured after the
south fork (prairie) and north fork (agriculture) of Glacier
Creek had converged (Figure 1C), mass balance calculations
using conservative ions were used to split the total flow on
the date of sampling into flow rates for each fork of the
creek. Concentrations of several different ion pairs (Na/Cl,
K/Cl, and Ca/Cl) from sampling positions just above and
just below fork convergence were used to estimate the two
fork flows (Davis and Cornwell, 1998). Once the flow for
each fork was known, the flow was multiplied by the stream
concentration and normalized to drainage area at the most
downgradient sampling point on both the south fork and
north fork to determine the elemental flux emanating from
the prairie and agricultural land uses, respectively. During the
driest parts of the year (fall/winter) total stream flow was
frequently too low to be reliably measured. For months where
the IQ sensor was not accurately capturing the total flow rate
(September, October, and December), average monthly flow for
each fork was estimated by averaging July, August, and November
monthly discharges, which were considered to represent baseflow
conditions at the site (i.e., not influenced by spring flush)
(Supplementary Table 11).
Similarly, soil pore water fluxes were determined for each
sample by multiplying elemental concentration by the collected
volume and dividing by the area over which each pore
water sampler suction cup captures water (25 cm2) and the
sampling period (∼14 days) (Supplementary Tables 12–14)
(Weihermuller et al., 2007). Soil pore water fluxes were averaged
over all depths for the year at each site to determine an average
flux by site and land use.
Speciation
All speciation calculations were completed using PHREEQC
(Parkhurst and Appelo, 2013). For stream samples, where
all major ions had been directly measured for every sample,
the ion concentrations and basic water quality parameters
(pH, dissolved oxygen, temperature) were used as input to
calculate the error in the charge balance, saturation indices
for relevant mineral species, and the partial pressure of CO2
(PCO2). Each stream water sample was speciated individually,
and the annualized results from the prairie or agricultural stream
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locations were averaged for analysis. For the pore water samples,
volume limitations precluded direct determination of all ion
concentrations in every sample. Some samples had either anion
or cation analysis but not both, many were missing alkalinity
values, and no samples had trace metal analysis (Fe, Mn, or Al).
Since each sample could not be speciated individually, the annual
average concentration for each measured ion was used instead.
Pore water samples were averaged by land use type in Nebraska
and Iowa; individual ion concentrations from all prairie related
samples were averaged and individual ion concentrations from all
agricultural samples were also averaged. To remove any outliers
from consideration, concentrations larger than two standard
deviations above the mean were not included. Non-detectable ion
concentrations were also omitted from averaging. Non-detectable
concentrations were common for NO2− and PO43−, while the
other major ions were more consistently detected.
Statistics
Differences between agriculture and restored prairie solute
concentrations, soil moisture and soil EC were analyzed for
significant differences using a two-sample student t-test (α= 0.05)
using OriginLab software (Wellesley Hills, MA, United States).
The statistical test compared the agriculture and restored prairie
data at each site individually (e.g., Nebraska prairie vs. Nebraska
agriculture, Iowa prairie vs. Iowa agriculture).
RESULTS
Soil Moisture and Electrical Conductivity
Soil moisture (volumetric water content) throughout the year
was higher overall in agricultural soils in Nebraska compared
to prairie soils, especially March through May (Figure 2A).
Prairie soil moisture responded rapidly to precipitation events
in the upper 25 cm but an increase in soil moisture was
often observed down to 100 cm following a precipitation
event. In contrast, the agricultural soil responded rapidly to
precipitation events predominantly in the upper 25 cm, but
soil moisture at deeper depths tended to show no immediate
response to incoming precipitation. Iowa soil moisture was
higher overall throughout the year in the prairie soil compared
to the agricultural soil, but at all depths soil moisture tended to
increase immediately following a precipitation event (Figure 2B).
In Nebraska, the average soil moisture was significantly lower
(p < 0.05) in the upper 25 cm of restored prairie soils compared
to agricultural soils (Supplementary Table 15 and Figure 3A).
The opposite was observed in Iowa, where average soil moisture
at all depths was greater in prairie soils than agricultural
soils (Figure 3B).
Soil electrical conductivity (EC), an indication of the
dissolved solutes present in the soil water, was higher at
all depths in Nebraska agricultural soils compared to prairie
soils, especially during the summer months (Figure 2A).
The agricultural soil EC showed an annual trend whereby
EC increased steadily March through June and then slowly
decreased through the rest of the year. In Iowa, where
only prairie soil EC data were available, EC was relatively
constant throughout the year, increasing in response to fall
precipitation following the driest part of summer (Figure 2B).
Soil EC was significantly higher (p < 0.05) at all depths
in the agricultural soil than the prairie soils in Nebraska,
with average EC increasing with depth under both land uses
(Figure 3C). In Iowa, average EC at 10 and 60 cm depth was
similar within uncertainty to EC measured in Nebraska prairie
FIGURE 2 | Annual time series data for soil moisture (volumetric water content), soil electrical conductivity, and precipitation in Nebraska (A) and Iowa (B) restored
prairie and agricultural sites. Colored lines indicate different measurement depths at each site and gray bars represent precipitation events. No soil electrical
conductivity data is available at the Iowa agricultural site.
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FIGURE 3 | Annual average soil volumetric water content and electrical conductivity with depth at the Nebraska (A,C) and Iowa (B,D) study sites for both agriculture
and restored prairie land use. Black bars indicate one standard deviation around the mean.
soils, with a measurable increase then decrease in EC with
depth (Figure 3D).
Discharge
The average total stream flow for the studied period was
0.0113 m3 sec−1 with a median flow rate of 0.0060 m3 sec−1.
The flow was <0.003 m3 sec−1 10% of the time, and <0.023 m3
sec−1 90% of the time. Based on the mass balance calculations,
the south fork of Glacier Creek accounted for an average of 22%
of the total flow (range: 12–31%) while the north fork accounted
for an average of 78% of the total flow (range: 59–88%). There did
not appear to be a relationship between total flow and the flow
distribution between the two forks. The highest flows occurred in
May and June; lowest flows occurred in September to December.
Solute Chemistry
Cations
In the agricultural soils, pore water annual average cation
concentrations were significantly higher (p < 0.05) for Ca2+
and Mg2+, but not Na+ and K+, in both Nebraska and Iowa
(Figures 4A,B). As with the concentrations, annual average
Ca2+ and Mg2+ elemental fluxes in agricultural soil pore waters
were higher at both Nebraska and Iowa, but the difference is
significant only in Iowa (Figures 4C,D). At all measured depths,
soil pore water cation concentrations were lower in prairie than
agricultural soils (Supplementary Figure 1).
For stream water concentrations in Nebraska, all of the major
cations except for Na+ were significantly higher (p < 0.05) in
stream locations draining restored prairie compared to stream
locations draining agricultural fields (Table 2 and Figure 5).
Conversely, Na+ was significantly lower in streams draining
prairie land use. However, the cation fluxes in the stream
were higher in water draining agricultural fields (Table 3).
The concentrations of redox active species (Fe/Mn) were
also significantly higher in the prairie locations. Aluminum
concentrations were consistently just above the detection limit for
the ICP-MS (0.7 ppb), and were not different between the prairie
and agriculture associated sections of the stream. Stream fluxes
for the major cations associated with agriculture were higher than
the elemental fluxes from prairie (Figure 5).
Anions
Soil pore water Cl− and NO3− concentrations were higher overall
in Nebraska compared to Iowa, but only NO3− concentrations
were significantly higher (p < 0.05) in agricultural soils
compared to prairie soils in Nebraska; anion concentrations
were not significantly different amongst soil pore waters in
Iowa (Figure 6). Very little NO3− (<1 mg L−1) was detected
in either agriculture or prairie soil pore waters in Iowa.
Masarik et al. (2014) measured mean annual NO3−-N leachate
concentrations of 12.2 mg L−1 under no till corn crops and
<0.1 mg L−1 under restored prairie vegetation in silty loess
soils with a similar climate to our study. The Iowa site has
much lower NO3− concentrations under agriculture than the
Masarik et al. (2014) data, while the average under Nebraska
agriculture is much higher (42 ± 51 mg L−1), although
highly variable. The concentrations under the prairie land
use at both locations are within an order of magnitude of
Masarik et al. (2014). At this point it is not clear if the
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FIGURE 4 | Annual average soil pore water cation concentrations and fluxes at the Nebraska (A,C) and Iowa (B,D) study sites for both agriculture and restored
prairie land use. Stars indicate significant differences (p < 0.05) between land uses at that site and black bars indicate one standard deviation around the mean.
variability in concentrations are related to fertilizer application
rates or varied biogeochemical cycling rate of nitrogen at
the different sites.
Similar to the cations, major stream anion concentrations (Cl−
and SO42−) were significantly higher (p < 0.05) in the prairie
locations than they were in the agricultural stream (Figure 6).
The minor anions (NO2−, PO43−) were frequently non-
detectable. Nitrate concentrations were more reliably detected,
but were not significantly different between streams draining
prairie and agriculture in Nebraska. When detectable in Nebraska
stream samples, NO3− concentrations were typically < 0.4 mg
L−1. In both the prairie and agricultural stream stretches, there
was a pulse (>10 mg L−1) of NO3− in early spring (March for
agriculture, and April for prairie) (Supplementary Tables 6–10).
The juxtaposition in time implies a spring flush of NO3− from
both systems, but longer time scales are needed to confirm
the large episodic NO3− exports. Nitrite concentrations were
typically too low to be detected (<11 ppb), but they generally
followed the NO3− concentrations. Phosphate was also generally
too low to be detected (<19 ppb). When it was detected,
the SI for hydroxyapatite was generally undersaturated (SI
range: −4.8 to −0.08) implying a non-mineral control on
PO43− concentrations.
Alkalinity
The alkalinity was significantly higher in the stream waters
associated with the prairie (Tables 4, 5). Unlike other major ions,
the pore water data was not consistent between agriculture and
prairie between the two study sites. In Nebraska, the pore waters
had slightly higher alkalinity under the prairie, but in Iowa the
alkalinity was noticeably lower under the prairie.
Speciation
The results from the speciation calculations are shown in Table 5.
For stream samples, the average error in the charge balance for
all speciated samples was 5.8% (with excess anions), indicating
the combination of analyses was likely complete and accurate. For
pore waters, the average error in the charge balance was 6.9%, also
with excess anions.
DISCUSSION
Using the collected data, a conceptual model is constructed below
that shows soil hydrology and geochemistry, and ultimately
stream chemistry, differ based on land use. The data point to
a model where precipitation drains more rapidly and deeper
under prairie land use, and much slower and shallower under
agricultural land use. It also appears that some of the precipitation
falling on agricultural soils does not infiltrate at all, and instead
runs off directly to the stream. The differences in soil hydrology
influence soil pore water chemistry, especially Ca2+ and Mg2+
fluxes, which in turn impact stream chemistry. Such changes
in geochemical and hydrologic fluxes have been realized in
just a few decades since switching land use from agriculture
to prairie.
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TABLE 2 | Average cation concentrations for stream waters, pore waters, and precipitation from Nebraska and Iowa study sites under agriculture and restored prairie
land use.
Precipitation Pore Water Stream Water
Agriculture Prairie Agriculture Prairie Agriculture Prairie
Ion GC2 GC3 GC4 GC5 GC6
Nebraska
n −−− 6 30 31 10 10 11 11 10
Na+ (mg/L) −−− 0.498
(0.48)
1.79
(1.2)
1.55
(0.64)
19.9
(5.9)
20.6
(6.2)
21.8
(7.8)
18.9
(8.4)
18.5
(10)
K+ (mg/L) −−− 3.80
(4.3)
32.6
(51)
21.8
(31)
2.15
(0.39)
2.02
(0.30)
1.40
(0.50)
3.37
(0.82)
4.0
(1.2)
Mg2+ (mg/L) −−− 1.08
(2.3)
5.18
(5.3)
2.69
(1.7)
23.8
(2.6)
23.0
(1.8)
23.4
(3.0)
30.6
(3.3)
31.0
(1.9)
Ca2+ (mg/L) −−− 3.45
(3.1)
17.0
(16)
8.62
(4.9)
84.3
(8.9)
80.4
(4.8)
78.6
(8.4)
99.8
(12)
111.2
(5.3)
FeTotal (µg/L) −−− −−− −−− −−− 215
(106)
633
(1056)
179
(67)
2030
(1720)
1110
(1550)
Mn2+ (µg/L) −−− −−− −−− −−− 211
(134)
289
(263)
284
(203)
1090
(794)
3160
(1737)
Al3+ (µg/L) −−− −−− −−− −−− 2.3
(3.8)
0.87
(1.3)
2.1
(3.4)
1.1
(1.6)
1.3
(1.5)
Iowa
n 7 5 13 15 −−− −−− −−− −−− −−−
Na+ (mg/L) 0.672
(0.86)
0.497
(0.41)
4.70
(6.0)
4.74
(3.2)
−−− −−− −−− −−− −−−
K+ (mg/L) 1.70
(3.1)
0.396
(0.21)
2.32
(3.6)
2.55
(7.8)
−−− −−− −−− −−− −−−
Mg2+ (mg/L) 0.421
(0.41)
0.571
(0.40)
6.73
(2.8)
1.87
(1.1)
−−− −−− −−− −−− −−−
Ca2+ (mg/L) 2.38
(1.0)
1.75
(1.5)
24.9
(12)
6.70
(4.4)
−−− −−− −−− −−− −−−
One standard deviation around the mean is given in parentheses. A dash indicates variable was not measured and n indicates the number of samples collected per site
for each sample type.
Geochemical Fluxes
For Ca2+ and Mg2+ in the pore waters, the likely control on
concentration is the dissolution of carbonates. The speciation
calculations showed undersaturation with respect to both calcite
and dolomite under both land uses at both study sites, implying
a kinetic control on dissolution (Table 5). Based on the pH
and the activities of the carbonate aqueous species in the pore
water samples, the calcite dissolution rate would be expected
to be about 6% faster in the prairie soils compared to the
agricultural soils in Nebraska and 8% faster in Iowa (Plummer
et al., 1978). However, at both locations, the saturation index
for calcite was more negative in the prairie soils suggesting less
calcite has dissolved compared to the agricultural soil. Since
chemical equilibrium was not attained, and the calculated rates
of dissolution do not match the amount of dissolution observed,
the control on carbonate solubility is likely not a chemical
constraint. Instead, it is more likely a hydrological constraint
where the pore water under agriculture is moving more slowly
and has more time to interact with the soil matrix thereby moving
slightly closer to equilibrium despite slower kinetics (Jin et al.,
2008). The same saturation state relationships were also seen
for dolomite.
In the Nebraska soils, the differences in the saturation indices
were smaller than those in Iowa, yet the calculated PCO2 was
noticeably higher in prairie soils (Table 5). Since the CO2 in the
pore space from mineral sources was at least similar between
agriculture and prairie soils at each site, the larger PCO2 is likely
due to more biological respiration occurring in the prairie soils
(Raich and Tufekcioglu, 2000). Despite the increased PCO2 and
decreased pH in prairie soil from respiration leading to the
expected faster dissolution rate, the rate of water drainage appears
to more strongly affect the total amount of carbonate dissolution
in the two soils (Egli and Fitze, 2001). However, unlike the
Nebraska soils, there was a much larger difference between the
agricultural and prairie saturation indices in Iowa, and the PCO2
was larger in the agricultural soils. In this case, the larger PCO2
in agriculture is more likely driven by either the larger amounts
of carbonate dissolution or by the distinct soil types associated
with the Iowa site in Nebraska, discussed below. Between the pore
water samplers and the stream, conditions shift such that in both
the prairie and agricultural setting, the carbonates are essentially
at equilibrium and are controlling Ca2+ and Mg2+ fluxes.
Relative to the pore waters, stream water elemental fluxes
appear to be driven by flow. Even though the concentrations
Frontiers in Earth Science | www.frontiersin.org 9 February 2019 | Volume 7 | Article 24
feart-07-00024 February 20, 2019 Time: 16:44 # 10
Dere et al. Prairie and Agricultural Solute Fluxes
FIGURE 5 | Annual average cation concentrations (A) and fluxes (B) from
streams draining restored prairie or agricultural land use in Nebraska. Stars
indicate significant differences (p < 0.05) between land uses at that site and
black bars indicate one standard deviation around the mean.
of Ca2+ and Mg2+ were higher in the stretches associated with
the prairie in Nebraska, the much higher flow rate from the
agricultural setting led to larger elemental fluxes associated with
agriculture. Similar relationships have been widely observed,
for example by Godsey et al. (2009) who analyzed weathering-
derived solutes (Si, Ca, and Mg) in 59 watersheds and showed that
solute fluxes were proportional to discharge. Pore water fluxes
are more typically concentration driven. Extractable pore water
volumes under both land uses were at least comparable, such that
larger concentrations under agriculture also led to larger fluxes.
Although no stream water was routinely sampled for
solute chemistry in Iowa, two grab samples from Clear Creek
near the agricultural study site were collected in June 2015
and December 2016 (westernmost triangle in Figure 1D).
Average concentrations from these two collection dates were
26.5 ± 0.38 mg L−1 of Mg2+, 58 ± 22 mg L−1 of Ca2+,
7.8 ± 1.0 mg L−1 of Na+, and 0.73 ± 0.12 mg L−1 of K+, values
that are similar in magnitude to concentrations measured in the
Nebraska stream. Although there is no stream draining prairie in
Iowa to compare cation concentrations, the Iowa stream draining
agriculture appears to have similarly high concentrations of Ca2+
and Mg2+ relative to Na+ and K+.
Hydrologic Connectivity
From the chemical and data analysis, interpretations of
hydrologic flowpaths can be made. From the pore water analysis,
it appears that water drains more slowly within the top 1 m
of the agricultural soil compared to the prairie soils, which
caused the water chemistry to move closer to equilibrium with
respect to calcite and dolomite in agricultural soils. The larger
drainage rate under the prairie soils is consistent with other
work showing that more deeply rooted prairie perennials make
better connections between pore spaces in the soil than do the
annual plants planted in agricultural settings (Udawatta et al.,
2008). However, comparing the relative stream concentrations
to the pore water concentrations implies a disconnect under the
agricultural setting. Despite the higher relative concentrations in
the agricultural pore waters, the relative stream concentrations
were lower, implying a second water source that does not interact
with the soils thereby diluting the stream concentrations. A likely
interpretation is that some amount of the precipitation that falls
on the agricultural soils does not infiltrate, but instead runs off
more directly to the stream (Schilling et al., 2008). Furthermore,
Cl− concentrations were roughly four times lower in agricultural
stream water compared to the soil pore water, suggesting possible
preferential flowpaths contributing to the agricultural stream
(Table 4) (Aubert et al., 2013). The high soil pore water Cl−
concentrations, although extremely variable, may also point to
longer residence time for shallow water in the agricultural soils
compared to prairie soils (Kirchner et al., 2010).
Under the prairie setting in Nebraska, there was no evidence
of increased runoff, and precipitation instead infiltrates rapidly
through the upper 50 cm of the soil profile, resulting in overall
lower soil moisture than the agricultural soil that receives
the same amount of precipitation (Figure 3A). Furthermore,
prairie soil moisture increased at all depths in response to
precipitation events, especially in the fall when grasses have
senesced (Figure 2A). In contrast, a study by Masarik et al.
(2014) on similar silty loess soils and climate to our study
reported higher soil matric potential measurements in prairie
soils compared to agricultural soils, indicating prairie soils did
not dry out as much as soils planted with corn, and overall
drainage through restored prairie soils was 57 – 69% lower
than agriculture soils. The authors attributed this difference to
the ability of perennial grass vegetation with established root
networks to take up water earlier in the season and later into the
year than corn vegetation. Although it is likely that differences in
water use between crops and prairie grasses exist at our sites, the
differences we observed in soil moisture and EC persisted even in
fall after crops were removed and grasses senesced, so moisture
removal by prairie vegetation is not likely to entirely explain the
different patterns in soil moisture and EC.
In contrast, average soil moisture at the Iowa study site was
greater in prairie soils at all depths compared to agricultural
soils (Figure 3B). This is likely due to differences in soil genesis
between these sites: the restored prairie site was forested prior
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TABLE 3 | Average daily solute fluxes for stream and pore water in Nebraska (NE) and Iowa (IA) agriculture or restored prairie land use.
Na+ Ca2+ K+ Mg2+ Cl− NO3− SO42−
Stream waters ___________________________________ kg km2− day−1_______________________________________
NE Agriculture 27.3
(14)
107
(56)
2.56
(0.95)
30.3
(16)
3.38
(2.6)
0.153
(0.15)
6.98
(4.3)
NE Prairie 4.48
(4.6)
24.1
(26)
0.665
(0.45)
7.27
(7.6)
9.06
(9.0)
0.0731
(0.14)
2.00
(2.2)
Pore waters ___________________________________ µg cm2− day−1 _______________________________________
NE Agriculture 0.186
(0.18)
2.23
(2.9)
3.35
(6.4)
0.662
(0.86)
4.25
(11)
2.88
(3.0)
0.588
(0.70)
NE Prairie 0.183
(0.18)
1.19
(1.3)
1.48
(1.5)
0.380
(0.43)
1.75
(1.7)
0.0208
(0.026)
1.40
(2.1)
IA Agriculture 0.912
(1.2)
5.89
(5.3)
0.351
(0.51)
1.58
(1.4)
2.00
(2.2)
0.275
(0.41)
2.98
(3.2)
IA Prairie 1.61
(1.8)
2.36
(2.0)
0.223
(0.35)
0.639
(0.51)
0.286
(0.37)
0.198
(0.28)
2.82
(3.3)
One standard deviation around the mean is given in parentheses.
FIGURE 6 | Average annual soil pore water anion concentrations at the Iowa (A) and Nebraska (B) study sites and annual average stream water anion
concentrations at the Nebraska study site (C) for both agriculture and restored prairie land use. Stars indicate significant differences (p < 0.05) between land uses at
that site and black bars indicate one standard deviation around the mean.
to cultivation, which led to the formation of Alfisols, a soil
that typically forms under hardwood forest in humid areas
and is characterized by clay-enriched subsoil and relatively thin
accumulations of organic matter (Soil Survey Staff, 1999). In
contrast, the agricultural site hosted tallgrass prairie prior to
cultivation, which resulted in the formation of Mollisols, or
soils characterized by high organic matter accumulation (Soil
Survey Staff, 1999). Clay content was overall slightly higher
in the restored prairie soil (∼26% clay in the upper 50 cm)
compared to the agricultural site (∼22% clay in the upper 50 cm),
perhaps as a result of the soil previously forming under forest
vegetation rather than prairie vegetation. Water retention is
greater for clay-sized soil particles (Saxton and Rawls, 2006),
which could account for the higher moisture content in the more
clay-rich restored prairie soil. However, despite the different
soil forming conditions prior to cultivation between the Iowa
restored prairie and agricultural soils, the patterns with respect
to soil pore water chemistry were similar to observations at the
Nebraska site.
There was evidence in the Nebraska prairie of water
interactions with mineral phases much deeper in the subsurface.
At the stream sampling locations draining prairie (G5 and
G6 in Figure 1C), the concentration of the redox active
Fe2+/3+ and Mn2+ were significantly higher than found in the
stream draining agriculture (G3 and G4 in Figure 1C). Further,
large amounts of iron flocs were consistently present in the
prairie sampling locations, and they were not present at the
agricultural locations, despite similar ranges of saturation indices
for ferrihydrite [prairie saturation index (SI) range: 1.61–2.79,
agriculture SI range: 0.16–2.28]. The larger concentrations of
the redox active metals suggests a water source that is separated
from the atmosphere. For all four stream sampling locations
in Nebraska, the effective PCO2 was also much higher than
equilibrium with the atmosphere (GC3 = 3.8E-2, GC4 = 2.6E-2,
GC5 = 2.3E-2, GC6 = 6.0E-2, atmospheric PCO2 = ∼4E-4,
all values in atm). The highest value was at position GC6
in the prairie, which again implies a water source that is
separated from the atmosphere. Between GC6 and GC5, there
is a small cascade where CO2 is likely being lost. The stream
section connecting GC4 (upstream) to GC3 (downstream) is
quite flat so de-gassing is at a minimum. The stream PCO2
values are essentially the same order of magnitude as values
found in groundwater associated with limestone host rock
(Macpherson et al., 2008).
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TABLE 4 | Average anion concentrations for stream waters, pore waters and precipitation from Nebraska and Iowa study sites under agriculture and restored prairie land
use.
Precipitation Pore water Stream water
Agriculture Prairie Agriculture Prairie Agriculture Prairie
Ion GC2 GC3 GC4 GC5 GC6
Nebraska
N −−− 6 34 36 10 10 11 11 10
Cl− (mg/L) −−− 2.98
(2.6)
36.7
(72)
25.8
(37)
9.06
(5.7)
8.17
(20)
1.17
(0.53)
39.6
(5.1)
47.3
(5.6)
NO2− (mg/L) −−− 0.0708
(0.028)
0.207
(0.28)
0.0609
(0.092)
0.017
(0.006)
0.024
(0.016)
0.020
(0.004)
0.017
(0.017)
4.38
(6.3)
NO3− (mg/L) −−− 3.06
(3.5)
42.3
(51)
0.321
(0.56)
3.18
(2.1)
0.266
(0.45)
0.724
(0.84)
0.412
(0.53)
4.38
(6.3)
SO42− (mg/L) −−− 1.74
(2.1)
6.86
(4.8)
8.92
(9.6)
8.42
(3.1)
7.18
(7.0)
5.81
(6.6)
9.89
(11.3)
17.2
(3.7)
PO43− (mg/L) −−− 0.0156
(0.17)
0.368
(0.82)
0.298
(0.71)
0.089
(0.018)
0.113
(0.059)
0.069
(0.027)
ND 0.063
(0.062)
Alkalinity (mg/L as CaCO3) −−− −−− 14.7
(7.9)
20.5
(10)
354
(18)
355
(18)
355
(24)
390
(24)
413
(30)
Iowa
n 8 7 14 16 −−− −−− −−− −−− −−−
Cl− (mg/L) 0.730
(0.62)
0.748
(0.44)
9.74
(6.6)
3.76
(9.1)
−−− −−− −−− −−− −−−
NO2− (mg/L) 0.0546
(0.045)
0.518
(1.1)
0.032
(0.027)
0.169
(0.23)
−−− −−− −−− −−− −−−
NO3− (mg/L) 1.16
(0.55)
0.518
(1.1)
0.922
(1.0)
0.968
(0.76)
−−− −−− −−− −−− −−−
SO42− (mg/L) 1.15
(0.41)
1.87
(2.09)
15.8
(17)
7.52
(6.8)
−−− −−− −−− −−− −−−
PO43− (mg/L) 1.42
(1.9)
0.639
(0.82)
1.42
(2.0)
0.193
(0.25)
−−− −−− −−− −−− −−−
Alkalinity (mg/L as CaCO3) 12.0
(5.7)
17.1
(6.5)
88.8
(33)
32.3
(16)
−−− −−− −−− −−− −−−
One standard deviation around the mean is given in parentheses. ND means that ion was never detected in samples from that site. A dash indicates variable was not
measured and n indicates the number of samples collected per site for each sample type.
Conceptual Model
The observations reported here lead to a conceptual model
whereby agricultural land use has altered soil hydrology, and
in turn soil chemistry, and those alterations were propagated
to changes in nearby stream chemistry. Precipitation appears
to infiltrate agricultural soils slowly, allowing more time for
mineral-water interaction (Figure 7). The agricultural soil waters
were enriched in ions, especially Ca2+ and Mg2+, but rather
than flushing the dissolved solutes deeper into the soil profile,
the solutes appear to be routed rapidly to the nearby stream
where they influence stream chemistry. In contrast, precipitation
entering a soil dominated by prairie vegetation appears to
infiltrate rapidly, limiting time for mineral-water interactions
near the surface. Thus, soil pore water chemistry more closely
resembles dilute precipitation and infiltrates deeper into the soil
before entering the stream.
A likely explanation for differences in hydrology between
agriculture and restored prairie, and in turn the soil water
chemistry, is reduced pore connectivity in agricultural systems
due to limited rooting depths and densities of corn and soybean
TABLE 5 | Water chemistry measured and calculated values for stream and pore
waters in Nebraska (NE) and Iowa (IA) agriculture or restored prairie land use.
pH Alkalinity (mg
L−1 as
CaCO−3)
PCO2
(atm)
Calcite
SI
Dolomite
SI
Stream waters
NE Agriculture 7.06 (0.2) 355 (21) 3.2E-2 −0.035 −0.31
NE Prairie 6.94 (0.3) 402 (30) 4.1E-2 0.12 0.058
Pore waters
NE Agriculture 6.83 (0.4) 14.7 (7.9) 1.2E-3 −2.6 −4.6
NE Prairie 6.59 (0.7) 20.5 (10) 4.3E-3 −2.8 −5.8
IA Agriculture 7.04 (0.6) 88.8 (33) 5.9E-3 −0.79 −1.9
IA Prairie 7.24 (0.3) 32.3 (16) 2.9E-3 −2.1 −4.4
For directly measured values, one standard deviation around the mean is given in
parentheses, all other values were calculated in PHREEQC.
crops as well as compaction by agricultural equipment that
destroys soil structure. Prairie systems, however, are known for
extensive and deep root networks (Jackson et al., 1996) that create
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FIGURE 7 | Conceptual model of hydrologic fluxes influencing soil and stream chemistry in intensively managed landscapes.
preferential flowpath and enhance soil aggregation (Udawatta
et al., 2008), providing pathways for water and oxygen to infiltrate
more deeply into the soil. Directly quantifying differences in pore
networks is a logical future step for investigating hydrologic and
geochemical connectivity in these intensively managed systems.
Furthermore, an intriguing observation is the relatively
short time needed to observe differences in soil hydrology
and chemistry between land uses. In Nebraska, both soil
sampling locations were farmed until roughly 50 years ago when
agriculture ceased in one part of the watershed. In Iowa, the
site was farmed until 20 years ago. Thus, the changes in pore
connectivity and hydrologic fluxes have been realized in just a few
decades, and the influence on soil and stream chemistry is already
distinguishable. Such results point to a highly dynamic system
that can be influenced by land use not just at the surface, where
direct management occurs, but deeper into the critical zone and
ultimately into streams.
CONCLUSION
Clear chemical differences in both the pore and stream waters
were detected under two land uses (row crop agriculture and
restored prairie) at two study sites (Nebraska and Iowa) that
are representative of the Midwestern USA region. Similarly,
clear differences were observed between soil moisture and EC
under the two land uses. From these differences we constructed
a conceptual model describing likely hydrological processes
within the CZ at the Nebraska field site. It appears that within
just a few decades, restored prairie can re-establish much of
the deeper pore connectivity that tends to be destroyed under
agriculture. The restoration of connectivity leads to alterations of
soil and mineral weathering patterns within the pore spaces of
the soil. The altered dissolution of the minerals based on surficial
land use is transferred downslope as the pore waters drain
into the connected stream. Under prairie land use, it appears
that this draining is likely direct, proceeding downward to the
impermeable till and surfacing in the stream. Under agriculture
land use, the draining of pore water is likely indirect, with the
water perching in the shallow sub-surface before flowing with
associated runoff into the connected stream. Future research
will focus on identifying the mechanisms driving contrasting
hydrologic and geochemical behavior between land use types.
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